The inheritance of leucine aminopeptidase (LAP), phosphoglucomutase (PGM), and shikimate dehydrogenase (SKD) isozymes was studied in Schlumbergera truncata and S. ؋ buckleyi (Cactaceae). Isozymes were extracted from phylloclades and separated using polyacrylamide-gel electrophoresis. F 1 , F 2 , and BC 1 populations were examined to determine the mode of inheritance. Relatively few families exhibited disturbed segregation ratios at Pgm-1 or Skd-1. In contrast, segregation ratios at Lap-1 were distorted in 14 of the 22 families that were examined. Disturbed segregation at Lap-1 was attributed to linkage with the gametophytic self-incompatibility (S) locus (recombination frequency ‫؍‬ 7% ؎ 1%). Lap-1, Pgm-1, and Skd-1 assorted independently of each other. Lap-1 and S may be useful for assessing linkage conservation among self-incompatible taxa in the Cactaceae.
The genus Schlumbergera Lemaire (Cactaceae, tribe Rhipsalideae) is comprised of six species of epiphytic shrubs that are indigenous to southeastern Brazil ( Barthlott and Taylor 1995) . Schlumbergera truncata ( Haw.) Moran and S. ϫ buckleyi ( Buckley) Tjaden [ϭ interspecific hybrids of S. truncata and S. russelliana ( Hook.) Britton & Rose] are widely cultivated for their showy flowers and are economically important potted plants in northern Europe and North America (McMillan and Horobin 1995) . As far as is known, S. russelliana, S. truncata, and S. ϫ buckleyi are diploid taxa with a chromosome number of 2n ϭ 2x ϭ 22 (Moran 1953; Remski 1954; Stockwell 1935) .
Self-incompatibility (SI) is a genetically controlled mechanism that prevents or impedes fertilization in fertile hermaphroditic plants when they are selfed or crossed to another plant with an identical incompatibility phenotype (de Nettancourt 1977) . The Cactaceae, a family of about 1500 species of succulent perennials, exhibits SI in all three of its subfamilies (Pereskioideae, Opuntioideae, and Cactoideae) and in at least 28 of its 98 genera ( Boyle 1997) . Schlumbergera truncata and S. ϫ buckleyi are highly self-incompatible, and set few if any fruit when selfed or incompatibly crossed ( Boyle 1996; Ganders 1976) . In Schlumbergera, the SI system is controlled by a single multiallelic gene (S) and is gametophytic, that is, the pollen's SI phenotype is determined by the S gene in the pollen's haploid genome ( Boyle 1997) .
In species with monofactorial gametophytic SI, two plants that have one S allele in common are referred to as semicompatible, because approximately half of the pollen grains will produce pollen tubes that are arrested in the style (due to identical SI phenotypes in pollen and style), whereas the remaining pollen grains will exhibit normal pollen tube growth (due to dissimilar SI phenotypes in pollen and style). Differential transmission of paternal gametes in semicompatible crosses can cause disturbed segregation ratios for genes linked to the S locus ( Leach 1988) . Several cases of disturbed segregation ratios at isozyme loci have been attributed to linkage with genes controlling gametophytic SI ( Labroche et al. 1983; Manganaris and Alston 1987; Tanksley and Loaiza-Figueroa 1985; Wendel and Parks 1984; Wricke and Wehling 1985) . This article reports on the inheritance of three isozyme loci in Schlumbergera and presents evidence for linkage between Lap-1 and the self-incompatibility (S) locus.
Materials and Methods

Plant Material and Cultural Procedures
Ten Schlumbergera clones were used as parents for this study ( Table 1) . F 1 , F 2 , and BC 1 populations were examined for genetic studies. Techniques used in emasculation, pollination, seed germination, and plant culture were similar to those reported earlier ( Boyle 1996; Boyle et al. 1995) . Henceforth all crosses will be presented as pistillate parent ϫ pollen parent unless specified otherwise.
Plants were grown in glasshouses with temperature setpoints of 18ЊC/22ЊC ( heat/ vent). Photosynthetic photon flux (PPF) was kept below ഠ500 mol/s/m by shading the glasshouse.
Electrophoretic Methods
Isozymes were extracted from mature phylloclades. Tissue was removed from phylloclades with a no. 1 cork borer, and soluble proteins were extracted by homogenizing ഠ8 mg phylloclade tissue in 100 l cold extraction buffer [0.050 M Tris-HCl buffer pH 7.5, 0.014 M mercaptoethanol, 5% (w/v) polyvinylpyrrolidone (PVP-40), and 5% (w/v) sucrose (Wendel and Weeden 1989) ]. Crude homogenates were centrifuged at 10,060 ϫ g for 10 min at 4ЊC. About 60 l of the supernatant was mixed with 10 l of cold sample mix [50% (v/v) glycerol and 0.1% (w/v) bromphenol blue (Shields et al. 1983) ]. Native proteins were separated by polyacrylamide-gel electrophoresis using a Mini-Protean II cell ( Bio-Rad Laboratories, Hercules, California). Single percentage (7.5%) polyacrylamide gels were prepared using 0.375 M Tris-HCl pH 8.8 as the gel buffer ( Hames 1981) . The electrode buffer for all enzyme systems was 0.025 M Tris and 0.192 M glycine (pH 8.3). Electrophoresis was conducted at 4ЊC under constant voltage (200 V). Running times varied according to the enzyme system assayed, but typically required 45 min for completion.
Enzyme Systems
Three enzyme systems were examined: leucine aminopeptidase ( LAP; EC 3.4.11.1), phosphoglucomutase (PGM; EC 5.4.2.2), and shikimate dehydrogenase (SKD; EC 1.1.1.25). The staining recipes of Wendel and Weeden (1989) were used to assay LAP, PGM, and SKD activity. Enzyme stains were prepared immediately prior to use, and once the appropriate staining intensities were achieved, gels were rinsed with water and fixed in 7% (v/v) acetic acid ( Hames 1981) .
Data Analysis
Data were collected immediately after gels were fixed, that is, when bands were stained at maximal intensity. R f values were determined for each band by dividing the band's migration distance by the tracking dye's migration distance ( Hames 1981) . The R f values presented in Figure 1 are mean values from three or more gels.
Reciprocal crosses were subjected to heterogeneity chi-square tests to determine if their observed segregation ratios .92 -Ͻ.001
.77 deviated significantly (P Յ .05). There were no reciprocal differences for SKD or PGM isozymes; therefore reciprocal crosses were pooled for analysis of SKD and PGM isozymes. For LAP isozymes, however, most reciprocal crosses yielded significantly different ratios and therefore each cross was analyzed separately.
Chi-square tests were used to determine the goodness-of-fit between the observed segregation ratios and the expected Mendelian ratios (1:1, 1:2:1, or 1:1:1:1). Yates' correction was used for chi-square tests with one degree of freedom (Sokal and Rohlf 1981) . The computer program LINK-AGE-1 (Suiter et al. 1983 ) was used to test possible linkage relationships among loci. Families with single-locus segregation ratios that deviated significantly (P Յ .05) from expected ratios were excluded from tests of linkage among Lap-1, Pgm-1, and Skd-1.
Nomenclature
Zones of enzyme activity are identified by Arabic numerals and are numbered se-quentially from the anode. For each enzyme, loci are numbered sequentially, with 1 denoting the most anodally migrating locus. Alleles at individual loci are designated by letters assigned sequentially from the anode.
Results and Discussion
Shikimate Dehydrogenase Gels contained one polymorphic zone of activity (SKD-1). SKD-1 consisted of five bands with R f values between 0.35 and 0.47 (O'Leary 1996) . Bands c and d (with R f values 0.39 and 0.37, respectively) were subjected to genetic analysis. Individual plants produced either a single-banded or double-banded pattern ( Figure 1) . Crosses between two single-banded (cc) individuals yielded, as anticipated, progeny that were exclusively cc ( Table 2) . With the exception of one F 2 family (S881-2 ϫ S881-7), progenies from cc ϫ cd crosses did not deviate from the expected 1:1 segregation ratio ( Table 2 ). The observed SKD segregation ratios generally conform to those expected for a simply inherited gene. These results suggest that SKD-1 isozymes are encoded by a single locus, designated Skd-1. Bands a through e are tentatively identified as Skd-1 alleles a through e, respectively.
Phosphoglucomutase
PGM isozymes migrated into a faster-migrating zone (PGM-1) and slower migrating zone (PGM-2). PGM-1 consisted of four bands with R f values from 0.54 to 0.64 (O'Leary 1996) . Bands b and c (with R f values of 0.59 and 0.56, respectively) were used for inheritance studies. Plants yielded either a single-banded or double-banded phenotype ( Figure 1 ). Crosses between plants with different single-banded phenotypes (cc ϫ bb) yielded progeny that were exclusively bc ( Table 3) . Progenies obtained from crossing single-banded ( bb) and double-banded ( bc) individuals segregated in the expected 1:1 ratio ( Table  3) . Crosses between two double-banded ( bc) individuals yielded four families that conformed to the expected 1:2:1 ( bb:bc: cc) segregation ratio and one F 1 family ( Linda ϫ S881-4) that exhibited a deficiency of bb phenotypes and an excess of cc phenotypes ( Table 3) . These results generally conform to those expected for a simply inherited gene with multiple alleles. This locus is designated Pgm-1, with bands a, b, c, and d tentatively identified as alleles a, b, c, and d, respectively. ( Leach 1988 ).
Leucine Aminopeptidase
One polymorphic zone of activity ( LAP-1) was observed on gels. LAP-1 consisted of five bands with R f values from 0.47 to 0.60 (O'Leary 1996) . Bands b, c, and d (with R f values of 0.57, 0.56, and 0.51, respectively) were analyzed genetically. Individual plants produced either a single-or doublebanded pattern ( Figure 1 ). Among the 22 full-sib families that were examined, eight exhibited segregation ratios that are consistent with a simply inherited gene (Lap-1) with multiple alleles ( Table 4) . Howev-er, deviations from single-locus segregation ratios were observed in the remaining 14 families ( Table 4 ). An analysis of LAP-1 phenotypes in 12 families ( Table 5 ) revealed that segregation distortion was due to differential transmission of Lap-1 alleles in reciprocal crosses. We propose that Lap-1 is linked to the locus controlling gametophytic self-incompatibility (S). If Lap-1 is linked with the S locus, then distorted segregation would occur in semicompatible crosses, that is, those in which both parents share one S allele in common, whereas fully compatible crosses (those in which both parents share no S alleles in common) would exhibit normal segregation ratios. The cross Rocket ϫ Buckleyi is fully compatible and yields four cross-compatible but intraincompatible progeny classes ( Boyle 1997) . Crosses between Rocket and Buckleyi yielded progeny that approached a 1:1 ratio ( Table 4) , results which are consistent with a fully compatible cross. Proposed S and Lap-1 genotypes for Rocket, Buckleyi, and their F 1 progeny are given in Table 6 . All five F 2 families and most of the BC 1 families exhibited distorted segregation ratios at Lap-1, results which agree with those expected from semicompatible crosses ( Table 6 ). Three BC 1 progenies that were produced using Buckleyi as the paternal parent segregated in a 1:1 ratio, whereas the reciprocal crosses deviated from the expected 1:1 ratio ( Table 4 ). Reciprocal differences probably occurred because Buckleyi was homozygous at Lap-1 (cc), whereas the other BC 1 parents were heterozygous for Lap-1 (bc or cd). These data show that disturbed segregation ratios occur only when the cross is semicompatible and the paternal parent is heterozygous at Lap-1. Semicompatibility is also likely to have caused distorted segregation in one of the F 1 families (& Linda ϫ ( S881-4) ( Table 4) .
Linkage Analysis
Linkage relationships between Skd-1, Pgm-1, and Lap-1 were tested in all possible pairwise combinations. The three isozyme loci were found to assort independently. The maximum likelihood methods described by Leach (1988) were used to estimate linkage between Lap-1 and the incompatibility (S) locus. The recombination frequency (r) between Lap-1 and S varied from 0.02 to 0.13 for the 13 segregating families, and was 0.07Ϯ0.01 for pooled data ( Table 6) .
Given that Skd-1, Pgm-1, and Lap-1 assort independently and that Lap-1 is tightly linked with the S locus, we can conclude that Skd-1 and Pgm-1 are not closely linked to the S locus. Therefore we would expect fewer cases of segregation distortion at Skd-1 and Pgm-1 than at Lap-1. Most of the F 2 and BC 1 families with distorted segregation ratios at LAP-1 exhibited normal segregation ratios at SKD-1 and PGM-1 ( Tables 2, 3, and 4) . These results support our hypothesis concerning linkage between Lap-1 and S.
Conclusions
In Schlumbergera, semicompatible crosses often yield progeny with skewed segregation ratios at Lap-1. We have shown that segregation distortion is due to linkage between Lap-1 and the S locus. Lap-1 and S may prove useful for assessing linkage conservation among SI taxa in the Cactaceae. Analysis of linkage relationships in cacti may shed some light on genome organization and evolution within this fascinating plant family.
